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Abstract 
A Fast response surface temperature measurement technique has been developed to investigate transient transition boiling 
phenomena after ethanol droplet impact on a nickel hot surface. Our motivation is to make clear the mechanism of boiling transition 
between nucleate and film boiling which is closely related the recovery of wetting on the hot surface being higher than the 
Leidenfrost temperature. In this study transient boiling phenomena during sudden contact of an ethanol sessile droplet on a hot 
solid surface has been investigated to understand what governs whether the solid surface keeps wet or not. The droplet impact 
boiling system is very simple and easier to observe but it includes the elementary transition boiling process. Since the transient 
transition took place within a couple ten milliseconds, observation with high speed video system and fast response surface 
temperature measurement technique are essential for better understanding of the transition boiling phenomena.  
The experiments were conducted for single and multiple droplet impacts. The multiple droplet impacts simulates liquid and solid 
contact situations on a hot surface during spray or laminar jet quench. The nickel disk of 50 mm in diameter and 5 mm in thickness 
was used as the hot surface. The hot surface was inclined from 0 deg (horizontal) to 40 deg. The fast-response film thermocouple 
with a typical minimum response time of 80 microseconds was developed and fabricated on the nickel disk at the depth of 3 
micrometers from the surface. The temperature histories just beneath the surface were recorded at the sampling frequency of 200 
kHz. The boiling phenomena beneath a sessile droplet impacted on the hot surface were observed by using a microscope equipped 
with the high speed video camera at the maximum frame rate of 22.5 kfps. The surface temperature and surface heat flux were 
estimated with 1D inverse heat conduction analysis. Histories of local surface temperature and local heat flux were compared with 
the boiling video image. The experiments were done for different initial wall temperatures up to 250 oC, different liquid subcoolings 
from 33 to 53 K. The multiple impact frequency was changed from 280 to 840 Hz.  
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In case of the single droplet impact tests, the observation results showed that wetting situation was maintained for very short time 
even though the surface temperature was beyond the liquid superheat limit temperature. We defined the vapor film generation time 
as the characteristic boiling transition time scale from wetted nucleation boiling regime to dry film boiling regime. The film 
generation time were measured for the extensive initial surface temperature range, different subcoolings and different impact 
velocities. As the initial surface temperature increased, the film generation time decreased to order of microsecond and film boiling 
situation seemed to be established via spontaneous nucleation (vapor explosion) process. In case of the multiple droplets impact 
tests, film generation times were evaluated every droplet impact during continuous cooling from the initial solid temperature. As 
long as the generation time was less than 1 millisecond and much shorter than the impact period, stable film boiling was observed. 
Then the film generation time increased with the droplet impact times and approached to the droplet impact period as the cooling 
time elapsed. This region was recognized as the transition boiling region. After the generation time reached to the droplet impact 
period and then stable wetted situation, namely nucleate boiling was observed. As compared with the single impact tests, the 
generation time for the multiple impact became shorter than that for the single droplet impact at same initial surface temperature 
and the lower limit surface temperature observed vapor film generation was reduced. This fact may imply the effect of transient 
heat conduction on the wetting temperature shifts to higher wall superheat temperature beyond liquid superheat limit temperature 
during quenching with jets or sprays. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of organizing committee of the 6th BSME International Conference on Thermal Engineering 
(ICTE 2014). 
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1. Introduction 
In the fields of material manufacturing, dip, laminar jet and spray quenches are commonly used as heat treatment 
of materials to improve mechanical strength. Recent material production processes such as hot strip rolling require 
more accurate cooling temperature control and more uniform temperature distribution of the surface during jet or 
spray quenching. Because most of target cooling temperatures range in unstable transition boiling regime, precise 
temperature control of the materials becomes difficult to product high value added materials or improve mechanical 
properties of materials. 
The transition boiling regime indicates negative gradient on boiling curve and it shows an inherent unsteady nature 
due to strong coupling phenomena of boiling heat transfer with transient heat conduction in the solid wall. It is known 
that boiling transition from film boiling to nucleate boiling is closely related with recovery of wetting situation on the 
hot surface and the transition boiling regime is characterized with coexisting of partial wet (nucleate boiling) and dry 
(film boiling) situation. When stable wetted situation is recovered, heat transfer coefficient of the nucleate boiling 
increases one or two digits as compared with that of the film boiling regime. Therefore, accurate prediction of surface 
wetting at the inception transition boiling is required for the precise cooling temperature controls. Recovery of the 
wetting situation on the hot surface is commonly recognized as the minimum heat flux (MHF) point on the boiling 
curve. However, our knowledge about the transition boiling heat transfer region is not enough to predict and control 
quenching processes in despite of a lot of studies over about 80 years after the first discovery of the boiling curve by 
Nukiyama [1]. Because the wetting phenomenon and the transition boiling heat transfer have unsteady nature due to 
strong coupling of the transient heat conduction in the solid wall with the boiling heat transfer on the surface. Deeper 
understanding about the elementary processes of the wetting phenomenon is required. However, wetting phenomena 
takes place so fast during quenching, the existing direct temperature measurement techniques are not enough to 
understand the elementary transient boiling process in detail. 
In this study we focused on evaluation and observation of transient boiling heat transfer accompanied wetting 
phenomena beneath a sessile liquid layer formed by impact of a droplet on a hot surface. The droplet impact tests on 
the surface make observations of transition boiling heat transfer region easier due to simple liquid and vapor flow 
situations as compared with the other boiling systems like pool and external flow boiling systems. There are many 
existing studies on heat transfer with fast response surface temperature measurement techniques [2-12]. The fast 
response measurement techniques are categorized into three types, Category-1: flash mounted very thin sheath 
thermocouple [2, 3], Category-2: overlapped micro thin deposited film thermocouple on an electrically insulated 
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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substrate with spattering, plating or MEMS processes [4, 5], and Category-3: deposited thin film and wire junction on 
the surface [6-12]. As the significant studies, Groendes and Mesler [2] performed water drop experiments on a hot 
surface being higher than Leidenfrost temperature and measured period of transient liquid-solid contact from wall 
thermocouple signal. Nakabeppu and Wakasugi [5] measured distribution of surface heat flux due to evaporation on 
microlayer beneath bubbles with the overlapped micro Ni-Chromel film thermocouples on silicon substrate. They 
reported maximum response frequency of the thermocouples was 10 kHz. However, the category-2 technique is 
difficult to apply to measurement of transient transition boiling on a thick metal surface. Because excess thermal stress 
and high temperature operation damage the sensor. Most of studies introduced above were limited to the applications 
to nucleate pool boiling. As the earliest study of the transient boiling measurement technique with the category-3 type 
thermocouple, Moore and Mesler[6] made a K-type hot junction just beneath the nichrome heater surface by plating a 
nickel layer of 1.3 Pm on it. They measured transient surface temperature change corresponding to evaporation and 
dryout of micro liquid layer during pool boiling at high heat flux region. In this study there was no choice other than 
the category-3 thermocouple to realize transient boiling on a thick metal surface which can operate at very high 
temperature and keep intact condition of the hot junctions against surface oxidization, thermal stress due to impacts of 
droplet. We tried to fabricate fast response thermocouples which can detect local temperature fluctuations over 10 kHz 
on a hot surface. Local surface temperature and surface heat flux were evaluated with a revised inverse heat conduction 
analysis proposed by the authors [13, 14].  
The droplet impact tests were conducted with the single droplet and the multiple droplets. Generally liquid and 
solid contacts during spray or laminar jet quenching are autonomously controlled by hydrodynamic of two phase flow 
boiling and irregular liquid and solid contact situations become very difficult to evaluate. Thus observations of 
transient boiling with the multiple droplet impacts may provide transient transition boiling situation from the film 
boiling to nucleate boiling under control the frequency of the liquid and solid contacts. The difference between the 
single and multiple droplet impacts is just difference in the initial solid temperature distributions. In case of the single 
droplet, the transient boiling started from the uniform initial solid temperature. But the initial temperature distribution 
in the solid was affected by the past transient heat conduction due to the previous droplet impacts. The effect of the 
previous impacts will be disappear as impact frequency becomes smaller. In this study we measured and observed the 
transient transition boiling during the single and multiple droplet impacts in detail with fast response surface 
temperature measurement technique and high speed video over extensive ranges of the initial surface temperature, 
degree of liquid subcooling, inclined angle of the surface and droplet impact velocity.  
 
Nomenclature 
a thermal diffusivity (m2/s) 
c specific heat (J/kg/K) 
f frequency  (Hz) 
k thermal conductivity (W/m/K)  
q heat flux (W/m2) 
t time (s) 
u droplet impact velocity (m/s) 
x space coordinate perpendicular to surface (m) 
N maximum order of approximate half polynomial function 
T temperature (oC) 
Greek letters 
E ratio of thermal inertia of solid and liquid = )/()( lllsss kckc UU   , - 
G thickness of nickel deposit layer (m)
O wave length (m)
U density (kg/m3) 
't data sampling period (s) 
'Tsat degree of wall superheat (K) 
'Tsub degree of liquid subcooling (K) 
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Subscripts 
0 initial / reference 
break liquid film break 
c cut off 
cr critical 
film vapour film generation 
i liquid and solid interface 
j hot junction at x = Gorjet 
l liquid phase 
LF lower limit of vapour film generation 
n nozzle 
s solid phase 
SHL liquid superheat limit 
w wall 
2. Experimental setup and procedure 
2.1. Thin film-wire thermocouple 
Figures 1 and 2 show a structure of category-3 film-wire thermocouple, and photographs of a disk and a hot junction. 
A nickel disk of 50 mm in diameter and 5 mm in thickness was used for heated surface. As shown in Fig.2(a), nine 
throughholes were formed on the central portion of the disk (denoted with the red circle) with electric discharge 
machining (EDM) and those were arranged square lattice at the pitch of 2.5 mm. Electrically insulated chromel wire 
with SiO2 coat was fixed in a hole and the top surface was polished until the tips of the wires became flush with the 
nickel surface as shown in Fig.2(b). Averaged surface roughness Ra along the center line of the disk was indicated as 
0.449 μm. Since outer surface of a wire was insulated from the nickel disk, the contact area of the nickel deposit layer 
and the tips of the chromel wires were served as Chromel-Nickel hot junctions just below the nickel disk surface. 
Combination of Chromel (70%Ni-30%Cr alloy) and Nickel was selected due to large Seebeck coefficients and 
oxidation resistance of nickel under high temperature operation up to 300 oC.  
A response time of thin film-wire thermocouple strongly depends on the thermal properties of the materials and 
depth of the junction. In order to make the thermocouple design better, temperature response at a hot junction is 
evaluated by using one-dimensional transient heat conduction analysis. The thickness of the nickel deposit layer G and 
thermal diffusivity as of the film on the time response were evaluated by using an exact solution of one dimensional 
semi-infinite solid and the thickness of a nickel layer was decided. When a harmonic surface temperature fluctuation 
propagates into a solid, the temperature oscillation is diminished as going into the solid deeply. The attenuation of the 
harmonic wave amplitude is given by Eq.(1) [15].  
OSSS /2/4/2 xfax ee s                         (1)
Here, f is a frequency of the harmonic wave, as is a thermal diffusivity of the solid and O is a wave length. The 
decay factor becomes very small value (e-2S = 0.0019) at the depth of a wave length O= (4Sas / f )1/2. Supposing the 
decay factor as 1/2 for present hot junction, it can be derived the critical depth Gcr as Eq.(2) for certain frequency and 
film material.  
fascr 195.0 G           (2) 
In case of thermal diffusivity of nickel as = 23.9 mm2/s and f = 100 kHz, the critical thickness Gcr of 6 Pm will be 
evaluated with Eq.(2). Thus the nickel layer of 3 Pm was deposited on the disk with electroless nickel plating process. 
As shown in Fig.1 chromel wires and the nickel disk were welded to the chromel and nickel wires and connected to 
the cold junctions in the ice box. The thermal electromotive forces were amplified with the D.C. isolation amplifiers 
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(maximum gain of 1000, frequency band from D.C. to 2 MHz), and sampled and recorded with a high speed analog 
input device card installed in a PC (12 bit A/D converter, four channels simultaneous sampling at the maximum 
frequency of 10 MHz). 
Relationship between temperature and thermal electromotive force of each hot junction was calibrated from room 
temperature to 280 oC before use. Typical thermopower of a chromel-nickel junction was 41.9 PV/K. 
 
Cold junction
(ICE Box)
AD
converter
Chromel Wire
Nickel Wire
Nickel Disk I50 x 5 mm
Amplifier
Chromel Wire
SiO2 Insulation Layer
Nickel deposit layer
Ni
Radiation heating
Hot junction
5
m
m
3
Pm
I0.32 mm
 
 Fig.1 film-wire fast response thermocouple 
                 
Fig.2 Photographs of heated disk and assemble of thermocouple. (a) Nickel base disk (thickness 5 mm, diameter I50 mm), (b) Close-up of hot 
junction area (before Ni plating) 
2.2. Inverse heat conduction analysis technique 
Since the thermal penetration depth from the surface with transient heat conduction in the solid is proportional to 
(ast)1/2, the penetration depth for nickel after 1 ms is the order of 0.1 mm. As discussed later, typical liquid-solid 
contact time was a few milliseconds. Therefore, it can be assumed the Ni disk of 5 mm thickness as a semi-infinite 
solid. Hot junctions were formed at the depth of 3 Pm from the surface. The measured temperature may be treated as 
the surface temperature. However, a one dimensional inverse heat conduction analysis for semi-infinite homogeneous 
isotropic solid was applied to estimate local surface temperature and surface heat flux. The analytical technique was 
originally given by Monde [13] and improved by Woodfields, et al. [14].   
The inverse analysis solved the governing equation given in Eq.(3) with the initial and boundary conditions given 
in Eqs.(4) and (5) was analytically solved in complex space after the Laplace transformation. In contrast with the well-
known conjugated gradient techniques, the sampled transient temperature history at the internal single location x = G 
was approximated with a half-polynomial power series function as Eq.(6) to solve Eq.(3) with the analytical procedure. 
In Eq.(6) the integer N is the maximum order of the half-polynomial, t0 is the reference time, the coefficients of bi are 
decided by least square method and sample data, and * is the gamma function. For reference, thermal properties of 
the materials: nickel, chromel, ethanol and silicon dioxide (Insulator) are tabulated in Table 1 [16]. 
                          (3) 
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After long manipulation, finally the inverse solution of the temperature distribution in the solid was obtained as 
Eq.(7). Substituting x = 0 into Eq.(7) and the gradient of Eq.(7), we can get the surface temperature Tw and the surface 
heat flux qw as given in Eqs.(8) and (9). The factor of Pi which is function of the space position x, the thermal diffusivity 
of the solid a and the temperature measuring position G, is given as Eq.(10). 
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Table 1 Thermal diffusivity and thermal conductivity for materials at 300 K [16] 
 Thermal diffusivity 
a , mm2/s 
Thermal conductivity 
k , W/m/K 
Thermal inertia 
(Uck)1/2 , kJ/(m2Ks1/2) 
Nickel 23.9 69.8 14.28 
Chromel 3.9 13.8 6.99 
Silicon dioxide (Insulator) 0.81 1.62 1.80 
Ethanol 0.086 0.166 0.566 
2.3. Ethanol droplet impact facilities 
Schematics of experimental setups for single droplet impact tests and multiple droplet impacts tests can be seen in 
Figs. 3(a) and (b), respectively. The experimental apparatus consists of four systems, heated surface, optical 
observation and recoding system, droplet supply system and data acquisition system.  
The heated surface was mounted on the top of the heater casing. A K-type thermocouple welded on the surface was 
used as reference temperature to control the radiation heater power. To prevent a rebounded droplet from colliding 
with the other droplets, the heated surface was slanted 30 degree from the vertical direction for the multiple droplet 
impacts test as shown in Fig.3. The optical observation was carried out by the stereo microscope equipped with a 
coaxial epi-illumination system (100 W) and a plan apochromat objective lens with a long working distance and the 
additional metal halide lamps (250W+350W) with fiber light guides. Transient boiling situation on the heated surface 
was recorded with the digital high speed camera connected to the trinocular tube of the microscope. A typical frame 
rate was 22,500 fps for the single droplet impact tests and 10,000 fps for the multiple droplet impacts at the fixed 
resolution of 640 x 480 pixels.   
As shown in Figs.3 (a) and (b), the experimental systems except for the droplet supply system were common for 
the both tests. In the single droplet tests, the droplet dispenser like a stalagmometer, was used. A geared D.C. motor 
0,00  t txT
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driven micrometer syringe supplied test liquid to the vertical glass dispenser nozzle of 4 mm in outer diameter and 1.5 
mm in inner diameter. A droplet was suspended below the bottom end surface of the nozzle until the gravity force 
increased beyond the force of surface tension, and it finally dropped off. Impact velocities of droplets were adjusted 
with the vertical height of the dispenser. For multiple droplet impacts tests, a series of droplets was generated by 
fragmentation of column liquid jet injected from the nozzle pipe of 1.5 mm in the inner diameter and 0.05 mm in the 
thickness due to the Rayleigh instability. To enhance and stabilize the fragmentation, the nozzle pipe was forcibly 
vibrated with the moving coil driven by the function generator. The vibration frequency f was decided with the 
Rayleigh instability wave length OR (= 4.508xdj) and the injected velocity at the exit of the nozzle uj. Ethanol was 
supplied from the liquid tank OR to the nozzle via the solenoid valve. uj was adjusted by the air pressure in the liquid 
tank. In case of uj = 3 m/s and diameter of the liquid column dj = 1.5 mm, the basic harmonic frequency of the Rayleigh 
instability f = uj / OR corresponds to 280 Hz. In the present study, first, second and third orders of harmonics; 280, 560 
and 840 Hz were tested. Impact velocities and diameters of droplets were measured with the side view high speed 
video camera at frame rates of 1,000 fps. Recording of the high speed video camera and the temperature measurement 
system were triggered with a TTL output signal transmitted from the photo interrupter synchronized with an initial 
falling droplet.  
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1.Nickel disk equipped with film-wire thermocouples 2.Radiation heater 3.Heater casing 4.Ice box 5.Isolation amplifier 6.A/D converter 
7.Thermostat 8.Stereo microscope 9.High speed video camera 10.PC 11.Metal halide light source 12.Droplet dispenser 13. Photo interrupter  
14.Micrometer syringe driven with geared motor 15.Air compressor 16.Pressure regulator 17.Liquid tank 18.Solenoid valve 19.Moving coil 
20.Function generator   
Figure 3 Schematic and photograph of experimental setup. (a) single droplet impact test facility; (b) multiple droplet impacts test facility 
2.4. Experimental procedure 
The Nickel disk was preheated at a designated initial temperature with the radiation heater. Initial temperature 
range included above and below 197 oC which is the superheat limit temperature of ethanol TSHL (corresponding to 
spontaneous nucleation temperature) evaluated with the Lienhard’s correlation [17]. A height of the droplet dispenser 
over the surface was adjusted for an impact velocity of a droplet. Location of the dispenser on a horizontal plane was 
carefully adjusted with a XY axis positioning stage to match the first contact point of a droplet with a hot junction on 
the heated surface. The droplet liquid was controlled at a designated temperature with the dispenser heater and the 
thermostat.  
In single droplet impact test, the D.C. geared motor pushed the micrometer syringe at very slow velocity to drop 
an ethanol droplet.  In multiple droplet impacts test, the height of the dispenser was fixed above 250 mm from the hot 
surface. The compressed air was supplied at 4 kPa from the pressure regulator to the liquid tank and the injection 
velocity uj of 2.78 m/s was obtained. During vibrating the nozzle pipe with the moving coil, the solenoid valve was 
opened to start cooling of the hot surface with multiple droplet impacts. As explained before, the data sampling system 
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and the observation system were simultaneously started with the photo interrupter detecting a falling droplet just 
before impact.  
Experiment repeated at the interval of over 5 minute to decay effect of previous experiment on the temperature 
distribution of the disk. The experimental ranges of the single and multiple impacts tests were tabulated in Tables 2(a) 
and (b), respectively. 
Table 2 Range of experimental conditions. (a) Single droplet impact test; (b) Multiple droplet impacts test 
                  a 
Test liquid Ethanol Tsat = 78 oC 
Liquid subcooling 'Tsub (K) 33 , 53 
Nozzle inner diameter dj (mm) I1.5 
Impact velocity, u (m/s) 1.69 
Diameter of droplet, d (mm) 3.7 ± 0.2 
Weber number (-) 200, 370, 540 
Initial surface temperature Tso  (°C) 100 - 250 
Surface inclined angle θ  (deg) 0, 30, 40 
   b 
Test fluid Ethanol Tsat = 78 oC 
Liquid subcooling 'Tsub (K) 53, 40, 33 
Nozzle inner diameter dj (mm) I1.6  
Impact velocity  u (m/s) 3 
Frequency of nozzle vibration  fn  (Hz) 280 560 840 
Diameter of droplets d (mm) 3.0 2.5 1.3 
Initial surface temperature Ts0 (oC) 160-210 
Surface inclined angle  θ (deg) 30 
3. Experimental results and  discussions 
3.1. Response time of the thin film-wire thermocouple 
To evaluate response time of the film-wire thermocouple, single droplet impact on the hot junction was first 
conducted under non-boiling condition. Since all the hot junctions were grounded on the disk, inductive noise from 
power lines was superimposed on the EMF signals from the junctions. High speed sampling of EMF signals at high 
gain amplification requires an appropriate signal pre/post processing such as low-pass filter (LPF).  We decided 
appropriate cut-off frequency of the LPF based on the measured data. 
Figure 4 shows effect of a cut-off frequency of LPF instrumented in the isolation amplifier on sampled temperature 
histories. The reference time t = 0 s was taken as the liquid-solid contact time. The line depicted as “Through” is for 
all-pass filter and lines denoted as 1, 10 and 100 kHz are for corresponding cut-off frequencies. It is noted that 
reference point of the vertical axis for each history was shifted as 3 K for convenience of comparison but the 
temperature scale of 2 K was fixed for each curve. Initial surface and ethanol droplet temperatures were 65 oC and 25 
oC. Just after liquid-solid contact (t = 0), the sudden drop in each temperature history was recorded. The history for 
all-pass filter indicates that the amplitude of high frequency noise component is as large as about 1.5 K. As the cut-
off frequency becomes lower, the noise component was strongly attenuated, but a response time to reach the quasi-
steady temperature was getting worse from 45 Ps to 480 Ps.  
For reference, the exact solution solid temperature distribution of 1D transient heat conduction after sudden contact 
of semi-infinite liquid and solid with ratio of solid and liquid thermal inertias E = [(Us cs ks) / (Ul cl kl)]1/2 =25.2 is given 
in Eq.(11). Thermal properties of nickel and ethanol can be referred in Table 1. In case of nickel solid and ethanol 
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liquid contact, the response time at x = G (3 Pm) in nickel is expected as about 50 Ps. Looking at the history for 100 
kHz, we can see that the response times was 75 Ps and it did not deteriorated so much as compared with the results of 
the lower frequencies. The nose component was also appropriately eliminated. Thus the cut-off frequency of 100 kHz 
can was fixed for entire of the present experiments. 
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Fig.4 Effect of cut-off frequency on measured temperature response during sudden contact of a sessile ethanol droplet under non boiling 
situation.  
3.2. Experimental results of single droplet impact tests 
3.2.1. Visual observation  
Figures 5, 6 and 7 show photographs of developing boiling phenomena taken for three initial surface temperatures 
of 140 oC, 180 oC and 230 oC. The corresponding initial wall superheats are 62 K, 102 K and 152 K, respectively. A 
blue dot denotes the location and real size of a hot junction. Only the initial temperature of 230 oC exceeds the 
spontaneous nucleation temperature of ethanol, 197 oC. A time denoted below each photo indicates the elapsed time 
after a droplet contacted with the reference hot junction. After droplet impact, a droplet was flattened and spread on 
the hot surface.  
In Figs. 5(a) and (b), nucleation boiling was observed on the hot surface. Small bubbles generated and grew at 
active nucleation sites (Fig.5 (a)) and then coalesced to form secondary bubbles beneath the liquid film (Fig.5 (b)). 
Collapses of coalescence bubbles triggered generation of a small dry patch area on the surface. As indicated with the 
red arrows in Fig. 5 (c), the dry patches expanded to wedge away a thin bottom liquid layer and the fish net structures 
were formed on the surface. Finally, a liquid layer was split into spheroidal droplets as shown in Fig. 5(d). A dense 
mist was also generated due to intermittent contacts of droplets with the surface. As the result of the observation for 
the hot surface of 140 oC, nucleate boiling, namely wetted situation can be maintained until the fragmentation of the 
liquid film into small droplets.  
Figure 6 shows development of boiling at the surface temperature of 180 oC. Active bubble nucleations on the 
liquid-solid interface were also observed in Fig.6 (a). However, bubble nucleation density became much larger as 
compared with Fig.5 and rapid coalescence of the small bubbles was observed. The partial dryout, namely the partial 
film boiling areas coexisted with the partial nucleate boiling areas on the surface as shown in Fig. 6(b). Then partial 
nucleate boiling areas shrank and disappeared, and then thin vapor blanket covered on the hot surface in Fig. 6(c). 
Thus Figs. 6(b) and (c) correspond to transition boiling and film boiling regions, respectively. The thin liquid film 
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suddenly broke from a certain point near the reference hot junction and the hot surface beneath the liquid film was 
exposed to atmosphere. 
The vapor film generation process under a droplet dramatically changed at the surface temperature of 230 oC. 
Nucleation boiling was not seen except for the first contact area in Figs. 7(a) and (b). Weak nucleate boiling took 
place on the first contact area in Fig. 7(b). The vapor film under the droplet was quickly generated as compared with 
lower initial surface temperature in Fig.6. We could not observe the bubble nucleation process on the other area such 
as Fig.6 from pictures taken at 45 Ps interval. The fact of the measured vapor film generation delay time within 45 Ps 
implies the spontaneous nucleation process as reported by Okuyama, et al.[18] and Hassan, et al.[19]. The nucleation 
area was gradually weakening due to evaporation of the residual liquid layer and finally disappeared. Then fully 
developed film boiling was observed in Fig.7(c). The liquid film was finally broken at 8.68 ms as shown in Fig. 7(d).  
From the comparison of Figs.5, 6 and 7, the surface dryout process, namely transition to film boiling situation can  
 
 
     a                                                       b                                                      c                                                     d  
            
                                 0.27 ms                               2.14 ms                                9.41 ms                             22.13 ms  
Fig. 5 Development of boiling situation at the condition of u = 1.69 m/s, 'Tsub = 53 K, Ts0 = 140 oC. (a) Nucleation of bubbles; (b)Developed 
nucleate boiling; (c) Breaking liquid film into fish net; (d) Spheroidal situation.  
 
a                                                       b                                                      c                                                     d 
       
                                 0.136 ms                               1.41 ms                               3.68 ms                                8.63 ms  
Fig. 6 Development of boiling situation at the condition of u = 1.69 m/s, 'Tsub = 40 K, Ts0 = 180 oC. (a) Nucleation of bubbles; (b)Transition 
boiling; (c) Developed film boiling; (d) Breaking liquid film 
 
a                                                      b                                                     c                                                     d 
       
                                 0.363 ms                             0.863 ms                               3.36 ms                                8.68 ms  
Fig. 7 Development of boiling situation at the condition of u = 1.69 m/s, 'Tsub = 40 K, Ts0 = 230 oC. (a) Nucleation of bubbles; (b)Transition 
boiling; (c) Developed film boiling; (d) Breaking liquid film 
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be categorized into three mechanisms: Type-A) breaking liquid film (fragmentation of a droplet into small spheroidal 
droplets), Type-B) vapor film generation with coalescence of nucleation bubbles from active nucleation sites, Type-
C) rapid vapor film generation due to spontaneous nucleation such as vapor explosion. After sudden contact of liquid 
and solid, the hot surface can maintain wetting situation before liquid film breaking or vapor film generation. In case 
of the Type-A, vapor film generation was never observed. However, dryout was completed before the liquid film 
breaking in case of the Type-B and C. Conversely, the hot surface at high intimal temperature from 100 oC to 250 oC 
(corresponding wall superheat from 22 K to 172 K) can keep wetting situation for a short time after sudden liquid-
solid contact. Thus we regarded the liquid film breaking time and the film generation delay time as the characteristic 
times of the transient dryout phenomena. 
3.2.2. Characteristics of liquid film breaking time and vapor film generation delay time  
Figure 8 correlates the liquid film time tbreak and the vapor film generation delay time tfilm with the initial surface 
temperature Tso with the droplet impact velocity u of 1.69 m/s and subcooling 'Tsub of 33, 40 and 53 K. In the graph 
tbreak and tfilm are denoted as the semi-solid symbols and the open symbols with range of uncertainties, respectively. 
For reference, the liquid superheat limit temperature [17] TSHL of ethanol at 0.1 MPa is also denoted with the red 
dashed line. 
As shown in Fig.8, tbreak indicated minimal value of about 5 ms at Tso = 140 oC and approached to about 8 ms as 
Ts0 increased beyond 140oC. tbreak monotonically increased as Tso decreased below 140oC. As shown in Fig.5, violent 
nucleate boiling was observed around 140 oC and injection of bubbles from the solid surface disturbed the liquid film 
and enhanced the film breaking. The liquid film breaking was observed over the whole experimental range; however 
the vapor film generations beneath a liquid droplet took place above the lower limit surface temperatures of vapor 
film generation Ts.LF denoted as the arrows in Fig.8. When Tso increased beyond TSHL of 197 oC, tfilm approached to a 
certain value below 1 ms except for 'Tsub = 53 K. The liquid subcoolings 'Tsub seems not to have a major effect on 
tbreak and tfilm. The Ts,LF for 'Tsub = 33, 40, 53 K were 168 oC, 173 oC and 180 oC, respectively. 
In Fig.8, we can conclude that the dryout delay time below the vapor film generation limit surface temperature Ts,LF  
was determined with tbreak and it was governed with the mechanism of Type-A. The liquid film fragmentation and 
spheroid droplets formation were observed on the hot surface above at least 100 oC corresponding wall superheat 22 
K. For the initial temperature above Ts,LF, the dryout delay time was determined with tfilm and dryout mechanism was 
categorized as Type-B or C. Distinction of Type-B and Type-C was not clear on Fig.8. However, Type-C was 
significant at higher than TSHL for the lower 'Tsub of 33 K and 40 K. On the hot surface being higher than TSHL, wetting 
situation is able to keep for a very short time of tfilm below 1 ms. In case of the hot surface below TSHL, transition to 
the film boiling due to coalescence of bubbles can be possible above Ts,LF which  affected with the liquid subcooling 
and impact velocity.  

Fig.8 Effects of initial surface temperature and liquid subcooling on the film generation delay and film breaking times at the droplet impact 
velocity u = 1.69 m/s. 
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3.2.3. Histories measured temperature and inverse solutions of surface temperature and surface heat flux. 
Typical measured temperature Tj, estimated surface temperature Tw and estimated surface heat flux qw are given in 
Figs.9, 10 and 11. Figures 9 and 10 are given for the experimental conditions: the same initial surface temperature Tso 
of about 180 oC, the same impact velocity u of 1.69 m/s, and the different liquid subcooling 'Tsub of 53 K and 40 K. 
Figure 11 shows the history at Ts0 =224 oC, u = 2.0 m/s and 'Tsub = 40 K. These figures correspond to the dryout 
mechanisms categorized into Type-A (film breaking), Type-B (vapor film blanket formed by coalescence of bubbles) 
and Type-C(vapor film blanket formed by spontaneous nucleation), respectively. The liquid film breaking time tbreak 
and the vapor film generation delay time tfilm are given by the arrows. Time periods denoted as “Wet” and “Dry” show 
the local wetting and dryout situations at the reference hot junction indicated with the red circle. The time periods 
denoted as “NB”, “TB” and “FB” are categorized transient boiling heat transfer mode beneath the liquid droplet into 
nucleate boiling, Transition boiling and film boiling, respectively. The arrows denoted with (a)-(d) on the surface 
temperature change indicate the times when the corresponding photos shown under each graph were taken. Liquid 
and solid interface area beneath a droplet was color-coded to distinguish the wetted surface (blue), the dry area 
(yellow) and outside of liquid film (black). In the NB region the entire of the hot surface beneath the spreading liquid 
droplet was covered with the blue-colored wetted area. On the contrary, the hot surface in the FB region was fully 
covered with the yellow colored dryout area. The dryout area beneath the droplet was recognized with reduce in local 
heat flux and very smooth liquid film without irregular reflection of light from the liquid and vapor interface due to 
disturbance of bubble nucleation on the hot surface. In the TB region, partial NB and FB areas coexisted beneath the 
droplet and irregular and unsteady distribution of them was observed. 
Liquid-solid interface temperature Ti during 1D transient heat conduction after sudden contact of the semi-infinite 
nickel and ethanol was denoted as the dot-dash-line in each graph. Ti is independent of time and given by Eq. (12) 
which is obtained by substituting x = 0 into Eq.(11). The exact solution of the surface heat flux qi is also given as 
Eq.(13). It is notated that Eqs.(12) and (13) give good estimations for early stage of heat transfer just after the droplet 
impact with a negligible effect of phase change. 
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In Fig.9 which was categorized as the Type-A, the vicinity of the reference junction was wetted and kept nucleate 
boiling heat transfer until the liquid film fragmented into small droplets at 8 ms. The local temperature Tj indicated 
sudden drop at very high cooling rate reaching at -3x104 K/s just after the droplet impact and then the cooling rate 
after 1 ms decreased. After the local dryout due to the fragmentation of the liquid film, the Tj started to recover and 
approach to the initial temperature. It is noted that the periodic temperature fluctuations in Tj of about 3 K was caused 
by induced nose from the surroundings. Since the hot junction was so closely located to the surface, the estimated Tw 
was almost identical to the measured temperature Tj. The low order approximate function of Tj given as Eq.(6) was 
used in estimating Tw and qw, thus the fluctuation in Tw due to the noise was considerably attenuated. Tw decreased 
below the liquid-solid interface temperature Ti given by Eq.(12). The surface heat flux qw monotonically decreased 
with time from high heat flux beyond 10 MW/m2 with time after and indicated almost constant value of 2-3 MW/m2 
until the local junction point kept wetting situation. Then qw decreased to zero after the fragmentation. 
In Fig.10 which was categorized as the Type-B, the hot surface beneath the droplet was completely dryout after 
the film generation time tfilm of 2.5 ms and the liquid film fragmentation took place after the dryout. The major 
fluctuation of Tw and the sudden increase in qw were caused by the temporary local dryout at 1.1 ms. After 2.5 ms Tw 
started to recover and qw became zero, but spikes of qw were caused by the noise included in the measured temperature. 
Local wetting time reduced from Liquid-solid contact time reduced from 8 ms to 2.5 ms when the liquid subcooling 
'Tsub reduced from 53 K to 40 K. Thus maximum drop in Tw reduced as compared with Fig.9. It was found that the 
film boiling situation could maintain on the hot surface whose temperature Even though Tw was about 25 K below the 
liquid super heat temperature TSHL of 197 oC.  
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Fig.9  Typical changes of measured temperature Tj, estimated surface temperature Tw and surface heat flux qw, with time. (Type-A,  u = 1.69 m/s, 
'Tsub = 53 KˈTs0 = 179.8ć) 
 
    
Fig.10  Typical changes of measured temperature Tj, estimated surface temperature Tw and surface heat flux qw, with time. (Type-B, u = 1.69 
m/sˈΔTsub = 40 KˈTs0 = 180.0ć) 
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In Fig.11 which was categorized as the Type-C, the local wetting situation kept for only 38 Ps. Thus the major drop 
in Tw stopped at 7 K and never dropped below the TSHL (197 oC) and the recovery surface temperature almost reached 
at the initial temperature after 15 ms. In this condition nucleate boiling on the entire surface beneath the droplet never 
observed within the frame interval of 44.4 Ps. The minimal temperature of Tw at tfilm was comparable with Ti. After 
tfilm the heat was transmitted from the hot surface to the liquid via the thin vapor film, Tw indicated about 5 K higher 
than Ti. After transition to the film boiling, qw recorded about 1 MW/m2 until the liquid film was broken on the 
reference point at 8.7 ms. 
 
 
 
              
Fig.11  Typical changes of measured temperature Tj, estimated surface temperature Tw and surface heat flux qw, with time. (Type-C, u = 2.0 m/sˈ
'Tsub = 40 K, Ts0 = 223.5ć) 
3.3. Experimental results of multiple droplet impacts tests 
3.3.1. Histories measured temperature and change in boiling situation 
In Fig. 12 typical measured temperature changes during the multiple droplet impacts tests are given for three 
different initial temperatures; Ts0 = 170, 180 and 190 oC. The fixed experimental conditions are the liquid subcooling 
'Tsub of 53 and the nozzle vibration frequency fn of 560 Hz. The time periods denoted as “NB”, “TB”, “FB” indicate 
time durations of nucleate boiling, transition boiling and film boiling, respectively. The three photos taken at 34 ms, 
90 ms and 799 ms were shown for Ts0 = 180 oC. Each photo denotes the boiling situation just before impact of the 
next droplet and the droplet to impact next can be seen above the hot surface.  
As shown in Fig.12, Similar fluctuation of the measured temperature with the single droplet impact tests was 
repeated in accordance with droplet impact. The film boiling was observed only at Ts0 = 190 oC among the three initial 
temperatures. In case of Ts0 = 170 and 180 oC, the transient cooling was initiated from the transition boiling. In the 
film boiling, the temperature fluctuation of an impact period was characterized by a flash drop in the temperature and 
following temperature recovery due to the formation of the vapor film. When the heat transfer shifted to the transition 
boiling, duration of temperature drop gradually increased with increase in the droplet impact time and decrease in the 
temperature. Consequently amplitude of the temperature fluctuations increased at the transition boiling region. On the 
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contrary, the temperature recovery disappeared on the nucleate boiling region at which the surface was wetted 
continuously and then temperature fluctuations in accord with the droplet impact became invisible in the temperature 
histories. 
  In the photo (a) corresponding to the end of TB region, we can see the entire of the hot surface was covered with 
the vapor film beneath the liquid layer film before impact of the next droplet. In the photos (b) and (c) corresponding 
to NB region, the nucleate boiling area was continually observed until the next droplet impacted on the surface. The 
photo (b) taken at the earlier NB region shows that the nucleate boiling took place on only central area around the first 
contact point, but the photo (c) at the fully developed NB region denoted that the entire of the liquid-solid interface 
was covered with NB region until the next impact. 
From the experimental results of the multiple droplet impacts, we can see that the vapor film generation time 
gradually increases with time and finally the NB heat transfer over the entire of the droplet impact interval can be 
achieved. To keep the FB situation on the hot surface, microsecond order of very short tfilm is required. Thus we 
considered tfilm as a key parameter governing the rewetting phenomena under the periodical liquid-solid contacts, and 
tracked tfilm at every droplet impacts until the hot surface became continuously wetted situation.  
Figure 13 shows that the tfilm during the multiple droplet impacts are correlated with initial surface temperature Tw0 
for the initial solid temperatures of Ts0 = 170, 180 and 190 oC. The initial surface temperature Tw0 was taken as the 
surface temperature at the time when droplet impacted on the reference hot junction. The relationship between tfilm 
and Ts0 at T = 30 deg. For reference, the superheat limit temperature of ethanol TSHL and the lower limit temperature 
of vapor film generation Ts,LF for the single droplet test were denoted with the arrows. The dot-dash line indicated 
nominal period of the multiple droplet impacts 1/fn = 1.8 ms. It is noted that the impact periods were sometimes 
fluctuated due to the coalescence or fragmentation of droplets before impact on the surface. Thus some solid symbols 
of tfilm were beyond the dot-dash line.  
It was also found that the tfilm for the multiple impacts were still recorded below the lower limit temperature of the 
vapor film generation Ts,LF for the single droplet impact. In a similar way as the single impact tests, the tfilm increased 
with decrease of Tw0. In case of Tw0 > Ts,LF, the tfilm for the multiple impacts seem to approach to that of the single 
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Fig.12 Cooling curve and boiling situations for Tso = 180 °C,  fn = 560 Hz, ΔTsub = 53 K 
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droplet impacts denoted with the solid blue line. These facts imply that the vapor film generation delay time is not 
governed with only initial surface temperature in the multiple impact conditions and the transition boiling can be 
maintained at lower initial surface temperature Tw0 than Ts,LF obtained for the single droplet tests. Comparing tfilm of 
the multiple impacts with the dot-dashed red line (the droplet impact period), we can see the ratio of the wet and dry 
duration times decreased as Tw0 decreased. When Tw0 of the initial solid temperature Ts0 = 170, 180 and 190 oC 
decreased below 142, 145 and 170 oC, the wetting ratio reached at unity and the continuous wetting situation was 
achieved on the hot surface. Therefore, when the impact period reduces, the ratio of wetting duration time to the period 
may increase. It is expected that wetting situation is possible at higher surface temperature when the droplet impact 
frequency is increased.  
 
 
Fig.13 Relationship between the film generation time tfilm and the initial surface temperature Tw0 for different initial solid temperature Ts0 during 
the multiple droplet impacts. (Comparison of the multiple results with the single impact) 
4. Conclusions 
In this study the experimental methodology to elucidate transient transition boiling on a hot surface has been 
developed. The combination of the developed fast response surface temperature technique, the inverse heat conduction 
analysis and the high speed imaging technology promises to bring us better understanding characteristics of very 
complicated transient boiling process as well as wetting phenomenon during quenching of hot surface. 
As the first step of the research project, transient boiling processes beneath a sessile ethanol droplet produced by 
single droplet impact on the hot surface were carefully observed. It was found that the dryout mechanism on initially 
wetted surface was categorized into the three types which correspond to liquid film breaking and fragmentation of the 
liquid film into spheroid state droplets (Type-A), vapor film generation by coalescence of nucleation bubbles (Type-
B), and very fast vapor film generation by the spontaneous nucleation (Type-C). Each dryout process was required a 
certain film generation delay time from a couple ten millisecond to microsecond. In case of type-B and C which were 
observed around / above the liquid superheat limit temperature, the hot surface could keep the wetting state for the 
vapor film generation time. The relationships of the film generation time and the initial surface temperature for the 
multiple droplet impacts indicated a similar trend but the film generation time for the multiple impacts was recorded 
below the lower limit initial solid temperature of the single impact test. This fact may give one of the interpretations 
about the wetting temperature shift to higher wall superheat region commonly known in laminar and spray quenching. 
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